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The synergistic extractions of strontium and barium
by using a mixture of 8-hydroxyquinoline (oxine) and tri-
octyl phosphine oxide (TOPO) in cyclohexane and carbon tetra-
chloride were investigated radiometrically. The mechanisms
of extraction of the synergistic adducts are discussed. It
is believed that the neutral synergist molecules which are
presumably bound to the central alkaline-earth metal ion,
displace some or all the water molecules or the undissociated
neutral acidic chelate molecules from the metal-chelate.
It is found that at low pH medium, the average number of
oxine molecules coordinated to the metal ion is less than
one, while the residual charge on the metal ion is removed
by the anionic species (e.g. OH, ClO4-etc.) which are
originally present in the aqueous phase. Only in alkali
solution (PH>10), two molecules of the acidic chelating
agent, i.e. oxine, can be attached to the metal ion.
The extracted adducts are postulated to have the
formulae M(Ox)2.TOPO(at low concentration of TOPO) and
M(Ox)2•2TOP0( at higher concentration of TOPO). However,
as the concentration of the neutral synergist further
increases, one or both of the chelate-ring will be opened
up so as to accommodate two more TOPO molecules.
5As the number of neutral synergist molecules in the
synergistic adduct increases, the hydrophilic character of
the metal complex decreases, thus enhances the partition
of the alkaline-earth metal into the organic layer.
Temperature and aqueous phase medium both have
appreciable effect on the synergistic extraction. The dis-
tribution ratio of the metals decreases at higher temperat-
ure and is lower in NaOH-NaClO4 solution (u= 0.1) than in
borax-NaOH-NaClO4 buffer solution (u= 0.1).
The formation constants of the synergistic adducts
are determined by a graphical method.
1SECTION I
INTRODUCTION
The term synergistic effect or synergism means the
enhancement of the extraction of the metal ions by an organic
solvent containing different ligands, one being acidic and
neutralizing the charge on the metal ion (the acidic chelate),
and the other being a neutral donor molecule (the synergist).
The observed distribution ratio, D. of the metal ion between an
aqueous phase and an organic phase, under certain experimental
conditions, is larger than the sum of the distribution ratios
of each component used alone:
Dobserved = Dchelate + Ddonor + D (I-1)
where Dobserved= distribution ratio of the metal observed in
the presence of synergists
Dchelate = distribution ratio of the metal in the
presence of the chelate alone
Ddonor = distribution ratio of the metal in the
presence of the donor ligand alone
D = the magnitude of the synergistic enhance-
ment of the extraction
This effect can be easily clarified by typical synergistic
curves as shown in Fig. 1, from which it is observed that a
mixture of thenoyltrifluoroacetone, HTTA, and tributyl phosphine
2oxide, TBPO, or tributyl phsophate, TBP, shows a maximum enhance-
ment of the distribution ratio of uranium(VI) from 0.01 M nitric
acid by a factor of no less than 16,000 compared with HTTA alone.
mole fraction TBP or TBPO
Fig. 1 The distribution of uranium(VI) between 0.01M
nitric acid and a mixture of HTTA and TBPO (or
TBP) in cyclohexane, such that [TTA] total.








3Since the first discovery of synergistic effect was ascribed
in literature by Cunningham.and coworkers 2, the large enhance-
ment of extraction has been widely investigated both from
physicochemical and technological points of view.
Using distribution method, spectrophotometric method,
potentiometric method, X-ray crystallography, U.V., I.R., N.M.R.
spectroscopies etc.; formulae, structures, properties and format-
ion constants of the synergistic adducts can be obtained. The
commonest method to determine the composition of the extractable
species is the distribution method. Usually, radioactive elements
are used as tracers to determine the distribution ratio of the
metal ions. Large synergistic effect was found in the extraction
of mono-, di-, tri- and tetra- valent metal using chelating
agents (such as /3-diketones, 8-hydroxyquinoline, dimethylglyoxime,
carboxylic acids, acidic organophosphorus esters etc.) in combin-
ation with neutral synergist (such as ethers, ketones, amines,
alcohols, phenols, carboxylic esters, but especially neutral
organo-phosphates, phosphonate, phosphinates, and phosphine oxides).
Generally, there are three different synergistic combinations,
one of them involves one acidic and one neutral extractant, while
the other two groups involve the combination of either two neutral
or two acidic extracting agents. Only the first group will be
discussed in detail here because it is the simplest and best
understood. The synergism caused by such combination generally
4applies to a sizable number of metal ions in different oxidation
states. Among different chelating agents within this group, it
is observed that P-diketones, 8-hydroxyquinoline, etc. exhibit
much larger synergistic effect than alkyl-phosphoric acids,
carboxylic acids, and sulphonic acids. The main difference in
the extent of synergism of these two types of chelating agents
arises from the following factors: 1) different mechanisms of
synergism-- hydrogen bonding of the neutral synergist with the
acid extractant usually occurs in the latter type of acids while
a direct coordination of the neutral ligand to the central metal
ion probably occurs in the former; 2) different compositions of
the synergistic adduct formed; 3) different stability of the
adducts; 4) interaction between the synergistic components in the
systems is usually more significant for the second type acids,
such interaction interferes with the extractive capacity and
lowers the activity of both components.
The synergistic enhancement produced by the combination
of extractants belonging to the second and third groups is low.
Only little experimental material is available and they are
not well understood.
The diversity of the systems where synergism has been observed
indicates that the mechanismsof the enhancement are not identical
in all cases. Though the mechanism of the extraction is more
difficult to ascertain, it remains generally true that synergistic
5effect is essentially an organic phase reaction. The mechanisms
of extraction and factors affecting the stability constant of
the synergistic adduct will be discussed in the following
sections.
Synergistic effect is widely applied to analytical chemistry,
especially in the separation of tracer amount of radioactive




The discovery of the phenomenon of a definite enhancement
was first described by Cunningham and his coworkers 2 in 1954.
They observed that a mixture of thenoyltrifluoroacetone (HTTA)
and tributyl phosphate (TBP) in benzene would extract rare
earth nitrates from nitric acid solutions to'a markedly greater
extent than either of the reagents alone. Three years later,
Schmitt 3 and his collaborators also noted that the extraction
of uranium (VI) from aqueous solution by a dialkylphosphoric acid
in an organic solvent was considerably enhanced by the addition
of a formally neutral organophosphorus compound R3P0 (where R
is an alkyl or alkoxy group). The term synergistic extraction was
introduced at that time. Blake et al k, found that the synergistic
extraction seemed not to be restricted to uranium(VI) ion, Pu(IV)
and Pu(VI) could also be extracted synergistically by dialkyl-
phosphoric acid- neutral ligand mixtures. Since that time
there have been a number of other examples of synergism appeared
in the literature.
One of the most active groups of investigation directed by
Irving and his coworkers 6,7, especially his research student,
Edgington, studied the synergistic effect extensively in various
7valency states of actinides, lanthanides and transition metals.
In each case they determined the nature of extractable species
by well established techniques and studied various equilibria
quantitatively.
At the same time, entirely independent of their work in
Oxford, on the opposite side of the earth- U.S.A., Healy
commenced researches in the same field which led to another
whole series of important papers 8,9,10. Practically, all the
work on synergism with thenoyltrifluoroacetone up to that date
had originated from these two groups. As a whole, though with
some restrictions, results from these two research teams agreed
with each other, however, Healy's work seemed to be more
systematic and extensive. Similar to Irving's work, synergism
was used solvent extractionwise by Healy and his coworkers to
ascribe the enhanced extraction of some bi-, tri- and tetra-
valent metal ions.by a mixture of HTTA and a neutral donor
ligand 8,9,10. More recently, they showed that monovalent alkali
11,12913
metals could also be extracted synergistically
Spectrophotometric evidences indicated that the composition of
the extractable species remained the same both in organic solution
and in isolated solid state 10(a). They also explained that
the phenomenon of antisynergism in the presence of excess neutral
donor ligand was due to the increased water content of the organic
phase and the destruction of the anhydrous synergistic adduct.
Besides using neutral organophosphorous esters as neutral donor
8ligands (synergists), they demonstrated that large synergistic
effect was also observed when the synergist was an amide
(N-n-butylacetanilide, BAA); an alcohol (ethylhexylacohol, EHA)
or a ketone (methyl isobutyl ketone, MIBK) 9. Irving et al
subsequently showed that other P-diketones could replace HTTA 7(a)
and that certain sulphoxides and N-oxides could replace the
phosphorylated donor 1. They also demonstrated that various
heterocyclic bases (Fig. 2) were effective synergists for
1
enhancing the extraction of Co(TTA)2 .
Fig. 2
The distribution of 60 Co
between an acetate buffer
of pH 4.93 and mixtures
of a heterocyclic base
in cyclohexane such that

















9Another important series of papers was given by Sekine and
Dyrssen 15. They investigated the adduct formation of Cu(II),
Zn(II), Eu(III), Th(IV), In(III), Sc(III), La(III), Lu(III) and
Am(III) chelate complexes of HTTA and P-isopropyltropolone (IPT,
see Fig. 3) in combination with TBP, methyl isobutyl ketone
(MIBK), dibutylsulfoxide (DBSO) and undissociated acidic
chelating agent (e.g. IPT) in various organic solvents.
Fig. 3 Structure of B-isopropyltropolone
Zangen 16,17-had studied the synergistic extraction of
trivalent lanthanides, actinides and alkaline earths using a
combination of monoacidic phosphate or phosphonate ester with
a neutral organophosphorus compound. Of the above the elements,
only lanthanides with atomic number 64 and Ba failed to show
any synergistic enhancement. For lanthanides with atomic no. (Z)
64, the complexes with chelating acid, MA3, have reached the
maximum coordination number-of six; thus no neutral organophos-
phorus ligand acting as a synergist can be added to the complex,






lanthanides with Z 64, the maximum coordination number of
metal ion is eight, the metal complex can accommodate two add-
itional neutral ligands.
In using a monoacidic phosphate or phosphonate esters as
acidic extractant 16(a), 19, complications derive from the fact
that dialkylphosphoric acids are not monomeric in most organic
solvents but exist largely as dimers which can form a 8-member
chelate ring with the cation as shown in Fig. 4.
Dimerization of dibutyl-phosphoric acid, HDBP, is greatest in
hexane but the extent diminishes in the snore highly hydrogen
bonding solvents. However, association between two molecules of
the acid, HA, is also in competition with association between
molecules of the acid and the nuetral organophosphorus synergist,
S, (whereby such mixed species as HA-S, HA•S2 and (HA)2•S are
produced 18), or even with molecuels of the organic diluent
H
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itself- an effect which becomes more important along the sequence
C6H14, CC14, C6H6, CHC13, diisopropylether, MIBK (hexone), methyl
isobutylcarbinol (hexol) 19
Up to present, only a few papers have been reported to
describe the synergism of alkaline earth elements. Ikuko Akaza 20
investigated the liquid-liquid extraction of alkaline earth metal
ions with thenoyltrifluoroacetone dissolved in methyl isobutyl
ketone with a view of separating them. The distribution ratio
of the metal ions between organic solution at a given concent-
ration of HTTA and aqueous solution decreased in the order of
magnesium, calcium, strontium and barium. Furthermore, the
distribution ratios were too close to one another for a satisfact-
ory separation. Three interesting results were reported:
1) They found that the slopes of
log D vs. pH plots increased
as the concentration of HTTA
increased as shown in Fig. 5.
However, they had not given a
reasonable explanation about
this phenomenon.
Fig. 5 Aq. phase: 3M buffer solution+
0.125 mmol. Ca(II)















(2) The relation between
log D and log [TTA]
was shown as a curve
(Fig. 6) instead of a
straight line, in the
range of TTA concent-
ration from 0.001 to




could be shown in
many other systems as
a straight line with
a slope of two. Akaza
interpreted this
Fig. 6 Dependence of log[TTA]
at pH 7.0, same data
as Fig. 5.
phenomenon was due to the fact that the number of TTA
molecules attached to the metal ion was increased with
increasing concentration of TTA in the organic phase.
(3) Log D and log[ MIBK I had linear relation with a slope of
one. This suggested that MIBK not only participated as
organic solvent but also acted as a donor molecule coord-
inated to the central metal ion. Therefore, the extracted
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T. Sekine 21,22,23,24 had also studied the extraction of
Ca, Sr and Ba with a combination of thenoyltrifluoroacetone and
trioctyl phosphine oxide (TOPO), tributyl phosphate (TBP) or
MIBK. The reaction equilibrium was:
He also observed that the net distribution ratio of Ba was decre-
ased when sulfate and oxalate anions were present in the aqueous
phase 22. The decrease was explained in terms of the complex
formation of Ba2+ with these anionic ligands.
Because a large amount of work has been devoted to the
study of this field, every papers cannot be described in detail.
In general, the equilibrium for the formation of the metal
chelate is:
(where x= the charge carried by the metal ions;
HA= a monoacidic chelating agent)
and has the equilibrium constant:
representing the apparent stability constant of the chelate.
The synergistic reaction, involving the metal, acidic









x,n- [Mx+] aq [HA]X org [s]norg org
The ratio Kx, n/ KX,0=Bx, n represents the equilibrium
, , ,
constants of the organic phase synergistic reaction:
MAx (org)+ n S (org) MAx.nS (org) (II-6)
To summarize the previous work and the results published
in literature, stability constants and formulae of the extract-
able synergistic adducts are listed in Appendix I.
Besides the normal synergistic adducts formed by the
addition of an acid chelate and a neutral donor ligand, there
are other mixed ligand type of adducts as well. Cunningham and
coworkers 2, Irving and Edgington 6(c),(d), 26 have illustrated
that inorganic anion participates in the adduct formation process
in tri- or tetra- valent actinides and europium extraction. For
the extraction of U(VI) from HNO3 by mixture of TBP and dibutyl-
phosphoric acid (HDBP), Hahn and Wall 27 also found that the
extractable species involved the participation of nitrate ion.
The mixed ligand complex,(U02)2(NO3)2(DBP)2(TBP)2, which they





Similar mixed adducts also occur in Th(TTA)(NO) .TBP 28 and
2 3
HfX4(HA)2•S 29 (where X= Cl- or C104- and HA= N-benzoyl-N-
phenylhydroxylamine).
Recently, Aggett 30 had noticed that the presence of C1O4
was necessary to produce synergism in the Fe(III)/acetylacetone
/TOPO/cyclohexane system. He proved that perchlorate anion formed
an ion pair with the metal chelate, [Fe(acac)2.2T0P0+][ ClO4- J.
Before Aggett, Freiser 31, 32 had postuated the formation of
ion pairs, [Zn(Ox) (phen)+][ C104-] and [Zn(Ox) (phen)2+][ C104-],
in the extraction of zinc with 8-hydroxyquinoline (oxine) and
1,10-phenanthroline. Obviously, this mechanism is quite different
from that with nitrate which is believed to coordinate to the metal
ion. Other examples were found in M3+/ClO4-/HTTA/TOPO systems 33







B. Mechanisms of Extraction and Structure of Adducts:
The phenomenon of synergism may result from at least six
different types of mechanism. However, it is difficult to predict
a given synergistic reaction undergoes which type of mechanism.
It depends on many other factors as well; namely, the basic
strength of the neutral synergist, the nature of the chelate,
the nature of the central metal, the strength of the metal-chelate
bond, the solvent employed etc.; of course, the stability of the
synergistic adduct plays the most important role.
MECHANISM TYPE 1:
The neutral synergist, S. coordinates directly to the central
metal ion without opening the chelate-ring (i.e. the acid chelate
remains bidentate) provided the metal ion is not coordinatively
saturated.
In the problem of adduct formation of the lanthanides, the
coordination number of six in M(TTA)3 must increase to eight in
the adduct M(TTA)3.2S unless two of the chelated molecules of
TTA act as monodentate ligands. Irving and Edgington 6(c),(d)
thought that there would be a loss of chelation energy if the
opening of the chelate-ring occured. Actually, there are
plenty of evidences that a coordination number of eight can be
achieved in the lanthanides and actinides. Therefore, it has
been believed that the synergists are directly attached to the
central metal ion in these cases instead of breaking a metal-
17
chelate bond. In the adducts of Zn(TTA)2 with TBP; Cu(TTA)2 with
TBP or MIBK 6(e), 34, there seemed little doubt of the formation
of a five-coordinated complex.
1H, 19F and 31P magnetic resonance spectra supported the
proposal of this mechanism in the formation of the adduct
U02(TTA)2•S (S= TBP, TOPO or dimethyl formamide) which had been
believed to have a pentagonal bipyramidal structure (as shown
in Fig. 8) 35. There was no indication from N.M.R. spectra







The neutral synergist coordinates directly to the central
metal ion by opening one end of the chelate-ring with the
usual meximum coordination number remaining unchanged.























demonstrated that in the process of synergistic addition to the
metal-TTA chelate which had been coordinatively saturated by
the acid chelating molecules alone, one or more chelate rings
opened up so as to. form an adduct which contained some TTA
molecules as monodentate and others as bidentate ligands. For
example, in the adduct U02(TTA)2.TOPO and U02(TTA)2.3TOPO,
where uranium was believed to have the coordination number of six
and eight respectively, one TTA molecule was monodentate and the
other was bi dentate.
UO2(TTA)2•TOPO
(Coord. no. of U
6)
UO2 (TTA)2.3TOPO
(Coord. no. of U
= 8)
Fig. 9 Proposed structure of U02(TTA)2•TOPO
and U02(TTA)2.3TOP0.
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Similarly, in the adduct Th(TTA)4•S,where thorium with
coordination number of eight,has three bidentate TTA molecule
and one monodentate; the hexacoordinated rare earth metal adduct,
(R.E.)(TTA)3.2TBP, contains two monodentate and one bidentate
chelating molecules; Zn(TTA)2•TBP adduct has one monodentate
TTA molecule 36
MECHANISM TYPE 3:
The neutral synergist replaces the chelate by complete
dissociation of the latter from the central metal ion, When
synergism occurs through this mechanism, the extracted species
must contain an inorganic anion to remove the residual charge
from the complex.
Aggett37 observed that there was no synergistic enhance-
ment when TOPO was added to a solution of the six coordinated
and kinetically inert complex Co(III)(Acetylacetone)3 in
cyclohexane. Whereas the addition of even 5 x 10-5 M TOPO to
a 0.1 M solution of the six coordinated but kinetically labile
complex Fe(III)(Acac)3 increased the distribution ratio from
0.005 to 0.80. At first he attributed this phenomenon to the
opening of the chelate-ring in the labile complex and the TOPO
molecule presumably coordinated directly to the iron atom. For
the kinetically inert Co(III) complex, the chelate ring once
formed was difficult to break, therefore, no synergism was
observable. However, the mechanism for the labile iron complex
20
was disproved by himself later 38. He found that the synergisti-
cally extracted adduct of Fe(III) contained two molecules of
acetylacetone only and the extractable species was an ion-pair
(the observed increase in conductivity with increasing diele-
ctric constant of the solvent was believed to be caused by dis-
sociation). The most likely structure therefore appeared to be:
Fig. 10 Structure of [Fe(Acac)2·2T0P0+][ClO4-]
It has been mentioned in the previous section that many
adducts which involve the participation of inorganic anions
are believed to undergo this type of mechanism. For example,
in some synergistic systems involving the lanthanides and tri-
and tetravalent actinides but especially the latter, one or
more chelating molecules are displaced from a M(TTA)3 or
M(TTA) 4 chelate by the unidentate nitrate anion, thus enabling











The neutral synergist substitutes the water molecule or
undissociated neutral acid chelate molecule which is originally
coordinated with the metal ion. The chelate ring is left unaff-
ected.
Many metal P-diketones, whose spectra show the normal
enol structure of the chelating acid, readily take up one or
two molecules of water to form coordinatively saturated compl-
exes. It is readily visualized that a synergistically active
phosphate ester, pyridine or similar base, can displace the
hydrated molecule from the metal-chelate leaving the coordin-
ation number and the chelate-ring unaffected. Infra-red spectra
provide evidences that the chelate-rings are intact during the
substitution 7(b),(c), 10(a), 39. In such a case, the hydrated
metal chelate, M(TTA)m(H20)y becomes continuously less hydro-
philic as the concentration of the neutral ligand in the system
increases. Consequently, the solubility of the adduct in the

















Mechanism of this type is the most popular one. Numerous
examples appeared in the literature. For example, trivalent
lanthanides with Z 64 which only have coordination number of
six in coordinatively saturated metal-monoacidic organophos-
phoric acid chelate show no synergistic effect, but trivalent
lanthanides with Z 64, where the coordination number is eight,
the neutral synergist can replace one or two of the water
molecules to form an extractable adduct 16(b)
With tributyl phosphate, methyl isobutyl ketone, pyridine and
quinoline, distribution and spectral data unequivocally indicate
a monoligand synergistic adduct is formed, to which a pentacoord-
ination of the metals has been ascribed 7(a),15(a),36,40,41,42,43
Cobalt(II) and zinc(II) behave similarly in the process of
synergistic extraction 44
In the case of using 8-hydroxyquinoline(oxine) as an acid
chelate, the undissociated oxine molecule usually solvate the
metal-chelate, MAX-(HA)n, so that the neutral synergist may
substitute the undissociated oxine molecule instead of the
water molecule.
This mechanism can also explain the fact that the synergistic
effect of a given metal complex increases in the reverse order







S where n = 1 or 2
23
MECHANISM TYPE 5:
The neutral synergist coordinates itself to the chelating
agent instead of attaching directly to the metal ion.
This type of mechaism is usually quite pronounced in the
synergistic extraction of metal using alkylphosphoric acid as'
acid extractant. Many spectral evidences haveconfirmed that
there is an interaction between the neutral synergist and the
acid chelate, hence a mixed complex HA•S is usually formed.
For the organophosphoric acid, the interaction was assumed to
take place through hydrogen-bonding between a PO-H bond in
the dieter of the acid chelate and the phosphoryl oxygen of the
18,45, 46 , 29
neutral organophosphorus ester .Hala proposed
that the addition of TBP in the mixed complex HfX4(HA)2•S
(where HA= N-benoyl-N-phenylhydroxylamine, X= Cl or C104)
also followed this mechanism.
In many cases, the mixed complexes HA•S accompany with
the neutral synergists also participate in the synergistic
adduct formation. As in the case of synergistic extraction of
Co(II) and Zn(II) with TTA and trioctylamine(TOA) 48, 49, the
possibility of the mixed complex, TOA•TTA, as well as TOA,
directly attached to the metal in the Co(TTA)2 and Zn(TTA)2
chelate cannot be neglected, though the contribution of
TOA•TTA complex to the synergistic enhancement is much less
than the TOA does.
24
The approximate constancy of Bx, n of several trivalent
metal in M3+/TTA/TBP system can be explained by using this
mechanism 50. The TBP molecules are assumed to bind to the
TTA molecules and not directly to the metal ion, otherwise
there will be a large difference in Bx,n values.
MECHANISM TYPE 6:
Another distinct type of mechanism was proposed last
year 51. The reaction of uranyl nitrate with acetylacetone
in the presence of NH3 was re-investigated. Previous formul-
ations of the porducts were shown to be incorrect. Micro-
analysis, conductance measurements, N.M.R. spectra, I.R. spectra
and unambiguous synthesis, supported formulation of the product
as the 3-ketoamine adduct, U02(acac)2[O=C(CH3)CH=C(CH3)NH2
(where acac= acetylacetone anion). Replacement of ammonia
by a wide variety of primary and secondary aliphatic amines
yields similar. p-ketoamine adducts while the tertiary amines
yields the normal adducts U02(acac)2(NR3). The equilibria of
the reactions and the structures of the adducts for primary





















Secondary aliphatic amines were also capable of forming B-ketoamines
by reaction analogous to equation II-7 and 8.
Tertiary amines are incapable of forming a-ketoamines by
reaction with acetylacetone. Therefore, the only product expected
from the reaction between uranyl nitrate, acetylacetone and a 30
amine is the normal adduct [U02(acac)2(NR3)]
















In many instances, solid adducts have been isolated and
their properties and structures were investigated. The compos-
ition and melting point of some metal-thenoyltrifluoroacetonate
adducts with organophosphorus esters are given in Appendix II* Note
The composition of crystalline substances isolated from organic
extractants under consideration is identical to that in solut-
ion. Most of the solids listed in Appendix II are quite stable
(even at melting point), non-hygroscopic and anhydrous 8,10
Similar compounds have been prepared with n-butylacetanilide and
pyridine 10(a) as the adducts, or by crystallization of copper
acetylacetonate from solutions containing pyridine or quino-
line 7(b), 37, 39, 43, 52, 53
Note 1: General method for preparation of solid adducts:
An aqueous metal salt solution equilibrates
with an organic solution containing the chelating acid
and the neutral ligand. The extract, frequently in a
low-boiling point aliphatic hydrocarbon, is partially
evaporated, filtered, washed and recrystallized from
the same solvent.
27
C. Destruction of Synergism
Antisynergism was first reported as a phenomenon by
Blake et al 3 (later as a separation procedure by Peppard et 154)
in the organophosphorus acid- phosphorus ester series. It was
noted that above a certain concentration of neutral synergist,
synergism no longer occurred and, if fact, a decrease in extr-
action took place. Wang and his coworkers 55 pointed out that
the term antisynergism was a misnomer, because although the
decrease in synergistic effect was observed by the addition of
excess S, for some systems, the distribution ratio was still
larger than Do (the distribution ratio of the metal in the
absence of the acid chelate). They preferred to call this
phenomenon as destruction of synergism.
Like synergism, the destruction is not confined to phos-
phorus esters either, any neutral oxygenated extractant exhibit-
ing synergism is likely to produce its destruction when in
excess. The exact mechanism of destruction is difficult to
interpretas enough is not known about it.
This phenomenon was illustrated by Healy and his coworkers
who carefully studied the synergistic and antisynergistic
dependencies of H2O/metal/HTTA/TBP system (where metal= U02,
Th, Am and Pm) for both donor and non-donor solvents at constant
HTTA and hydrogen concentration.
28
Fig. 13 Synergistic and antisynergistic effect of TBP 9
U(VI)/0.015 M HTTA/cyclohexane (aq. phase 0.01N HC1)
and Th/0.01 M HTTA/cyclohexane (aq. phase 0.1N HC1)
It was believed that the addition of excess TBP or other neutral
donor ligands would cause the anhydrous synergistic extraction
species, M(TTA)x•nS,to destroy, leading the antisynergism to occur.
Wang and Li 56 attributed the-destruction of synergism to
the formation of a keto-hydrate associated with excess TBP, other
than the metal-chelate hydrate. The ternary complex Zn(HFA)2(TOPO)2,
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The last moiety in this equation is formulated as in the Struct-
ure III.
Comparing a series of b-diketones with different substit-
uents, the ability to form keto-hydrate decreases in the order:
hexafluoroacetylacetone(HHFA)> teenoyltrifluoroacetone(HTTA)>
benzoyltrifluoroacetone(HBTA)> trifluoroacetylacetone(HTFA),
this order is paralleled by the increase in the strength of ele-
ctron releasing ability. It can be easily predicted that the
destruction of synergism of different 13-diketonate adducts is
also decreased in this order if they follow the keto-hydrate
formation mechanism 57. Moreover, this mechanism is supported
by the fact that the order of bringing about antisynergism
in the solvents employed is also the same order as the solub-
ility of water in these solvents 57
A more reasonable interpretation of the destruction
phenomenon is attributed to the decrease of the activity of the












latter is sufficiently increased. In the presence of high neu-
tral synergist concentration, the spectrum of TTA changes due
to hydrogen bonding of the synergist to the enolic form of the
chelating acid, the structure of the adduct is shown in Fig. l4.
Fig. 14 Structure of HTTA•OP(OR)3
3
Such interaction will lower the HTTAe activity *Note 2 and
consequently causing the destruction of synergism to occur.
Similar conclusions were drawn on HTTA interaction with quino-
line and dodecylamine 40 or trioctylamine 58; on dialkylphos-
phoric acid interaction with monocarboxylic acid 59
The destruction of synergism was called "antagonistic
effect by Irving and Al-Niaimi who explained this phenomenon
from a different point of view. For S= 4-methylpyridine and
M= Cu2+, antagonistic effect was ascribed to the formation
of complex cations, Cu(S)j 2+ (where j= 1,2,3,...) which
reduced the concentration of free Cu2+ ion and so reduced the
extent of extraction as the species CuA2 or CuA2S x 7(a)
•
*Note 2: The subscript "e" for HTTAe means the enol form of













D. Factors Affecting The Stability Constant:
1. NATURE OF CENTRAL METAL ION:
Although one will not expect large differences in B
x,n
values for closely related metal ions where the stoichiometric
composition of the adducts is also similar, there is still a
small but finite decrease in the synergistic enhancement with
decreasing ionic radius of the metal 6, 15, 26, 50, 60, 61
(cf. rare-earth series, Appendix I). Manning's data 60 for
a series of lanthanides clearly demonstrated this effect:
Table II-1 K3,O and B3,1 values for metal-HTTA-DBBP
or DEEP system 60




































DEEP= bis-2-ethylhexyl 2-ethylhexyl phosphonate
K 3,0= [M(TTA)3][H]3/ [M3] [HTTA]3
B3,1= [MTTA3.S][H]3 / [M3+][HTTA]3[s]
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Though the stability of the metal-TTA chelate is usually
greater the smaller the ionic radius 15(a), 62, the 3x n is
apparently dominated by the stability of the adduct formed,
changes in Kx 0 are overcompensated by the Kx n values. The
fact that Px n increases with increasing ionic radius, at
least partially, can be attributed to the lower energy needed
to accomodate the neutral ligand with increased ionic radius
of the central metal ion. Manning 60 ascribed to steric crow-
ding, the geometrical obstruction to the addition of phosphon-
ate molecules to the metal chelate increased with increasing
central ion radius.
The reverse order is true for alkali and alkaline-earth
metal ions (i.e. the formation constant of the adduct decreases
with increasing ionic radius) 11, 12, 20, 21, 23, 63 (Table
11-2 and II-3). Perhaps, this may due to the fact that the
solvation energy of the metal-chelate in aqueous solution is
greater for the metal with larger ionic radius, thus, the
partition coefficient of the metal-chelate, pMA, is smaller.
x
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Table 11-2 Formation constants of metal-HDBM-TOPO systems 12.
































Table II-3 Formation constants of the bis-TTA complexes
of Ca(II) and strontium(II) with trioctyl-
phosphine oxide, tributylphosphate, and
methyl isobutyl ketone in carbon tetrachloride
at 250 C 21
Ligand Constant Ca 2+ Sr 2+ Ba2+
(Ref.23)





















2. NATURE OF ACID CHELATES:
As the complexing power of the chelating agent is consid-
ered, many comparative studies 41,43,52,64 have indicated that
a stronger chelating agent, which forms a more stable metal
complex, has a lower tendency to facilitate the binding of
the neutral ligand to the metal, than a weaker chelating agent.
The influence of terminal group in B- diketones on the synergistic
effect was studied by Shigematsu et al 65 for Zn/R-diketone/T OPO
system. The stability constants of the synergistic adducts are
summarized in Table II-4.
Table II-4 Stability constants of zinc-B-diketonate
chelates with trioctyl phosphine oxide 65













































Referring to the results obtained, ¢-diketones may be classi-
fied into three different groups and their influence on the
synergistic effect increases in the following sequence:
alkyl group aromatic group fluorine containing group
The -CF3 radical in the adducts with highest stability strongly
withdraws electrons from the surrounding of the coordination
bonds between zinc ion and the p-diketone, thus enhances the
ability to interact with further ligand such as TOPO. The
stability constants of the adducts possessing phenyl group,
are somewhat larger than that with alkyl group. This pheno-
menon may be partly attributed to the resonance effect or the
interaction of n-electron of aromatic group with that of chel-
ate ring, which may lower the energy of the chelation between
metal and diketone. Similar arguments were given by Li et
al 43' 66' 67 and Batzar 68
3. NATURE OF NEUTRAL LIGANDS:
With organophosphorus compounds as the neutral ligand,
the order of synergistic enhancement is that of increasing
base strength, i.e. phosphate phosphonate phosphinate
























This is the order of increasing ester linkage and
decreasing carbon-to-phosphorus linkage as well as that of
extractive efficiency if used alone. Triphenyl phosphate,
for example, which is, alone, a poor extractant for metal
salt, functions also as a poor synergist.
It was believed that the infrared frequency of the
phosphoryl.group in organophosphorus esters could be serve
as a measure of its basicity 69, 70. The donor properties
of coordinating agents like phosphine oxides, sulphoxides,
sulphonates etc. were examined by Prago 71, 72 and Shanker 73
The difference in the stability of the adducts becomes
more pronounced when the neutral ligand is a nitrogen-bearing
base 1, 74. With considerable restrictions as to steric factors,
the stability increases with increasing donor properties of
the molecule. Table 11-5 shows the results for the synergistic
extraction of Co(TTA)2 by pyridine and its analogues. Distri-
bution decreases in the order: isoquinoline) quinoline, and
4-methylpyridine 3-methylpyridine pyridine 2-methyl-
pyridine. The exceptional small values of 2-methylpyridine
and quinoline are strictly due to steric hindrance of their
substituent to the coordination, since the overall bulk and
hydrophilic character of the isomeric methylpyridines are not
greatly different. If only the unhindered reagents are consid-
ered the increasing order of log B2,2 for 3-chloropyridine
pyridine 3-methylpyridine 4-methylpyridine exactly corres-
37
ponds with the increasing basicity of the reagents. Similar
conclusions were made by other investigators 75-79
Table 11-5 Some results for the synergistic extraction
of Co(TTA)2 by heterocyclic bases (cf. Fig. 2)1




































pB= partition coefficient of the bases
pKB=- log KB
3. NATURE OF SOLVENTS (DILUENTS):
Many fragmentary data point strongly to the fact the
extent of synergistic enhancement depends also on the diluent
employed, and is higher the lower its polarity. Under compar-
able experimental conditions, the measured distribution
ratio of many chelate adducts decreases in the order:
cyclohexane >carbon tetrachloride >benzene chloroform,
this is also the same order as the solubility of water in the
pure diluent 11,15,36,41,47,61,74,77,80,83-87 0 Some typical
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data for the distribution of various metal in different
diluents are given in Table II-6.
Table II-6 The effect of changes of solvent on the
synergistic extraction of some chelate



























































4.81 2.28 2.24 1.89 2.02 8(b)
D= distribution ratio of metal ion
Note a) 10-3M zinc acetate extracted from a buffer of pH 4.83
by solutions of 0.01M HTTA and 0.05M TOPO in the
solvent named.
b) Extraction of tracer Pm from 0.01M HC1 by 0.18M HTTA
plus 0.18M TBP. Dpm= 0.0001 in the absence of TBP.
c) Extraction of europium with 0.32M TBP from 2.OM NH4SCH
at pH 4.
d) Values of R2,1= [CU(TTA)2TBP]0rg/[CU(TTA)210g[TBP]org
in various solvents.
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. The diluent dependency of the stability constants was
ascribed by Nakamura 88 to the difference in solvating ability
of each inert diluent. If an interaction occurs between the
central ion and the diluent, then the coordination sphere of
the central metal ion will be occupied by the diluent molecules.
On the other hand, if an interaction occurs between the diluent
and the ligand, this effect will enlarge the effective radius
of the neutral ligand, i.e., increasing the steric effect. The
stability constants are decreased in both cases. This is the
reason why the distribution ratio of metal follows the reverse
order of increasing water content and dielectric constant of
the pure solvent (cf. Table 11-6).
The diluent effect can also be explained from thermo-
dynamic point of view. In Siekierski's study of solvent
extraction 89, he divided diluents into three groups: (1)
aliphatic hydrocarbons (2) aromatic hydrocarbons (3) CHC13 and
CHBr3. The activity of the neutral synergist TBP decreases from
Group 1 to Group 3, probably an interaction between the neutral
ligand and the solvent molecule occurs in the last group of
solvents.-.He also noted that the activity coefficient of the
complexed species changes in the same direction. Nakamura 84
asserted that the activity coefficient of the neutral ligand
is related to the acceptor ability of the diluent (the larger
the acceptor ability of the diluent, the smaller the activity
coefficient of the neutral ligand) and the activity coefficient
ratio of the complexes, YMA •(n-1)S/ TMA •nS' is related to the
x
40
donor ability of the diluent (the larger the donor ability of
the diluent, the smaller the activity coefficient ratio of the
complexes). Thus the stoichiometric stability constants are
lower in donor type diluents, such as aromatic hydrocarbons
and in acceptor type diluents such as chloroform than in ali-
phatic hydrocarbon diluents.
Li and his coworkers 41 attributed this diluent effect
to the change of solvation energy of the metal-chelate, but,
they had not given sufficient experimental data to support
their argument.
As a rule, the coordinatively unsaturated metal-chelates
are expected to extract better by ketones, esters, and especi-
ally by alcohols than inert diluents 90. Besides being as a
solvent, the former group also serves as a donor ligand in
these cases.
It should be pointed out that despite these marked diff-
erences in synergistic extractability, though with some except-
ions 83, in general, the composition of the adducts remain
unchanged.
4. EFFECT OF TEMPERATURE:
Temperatureis perhaps the most complex factor affecting
the equilibrium in a solvent extraction process since it can
influence other external factors as well. Very little systematic
information is available on this effect in the systems under
investigation.
41
The following relations are valid between the free
energy of formation of a complex and the temperature:
G=-2.303 R T log K (II-11)
and G= H- T S (II-12)
That is, complex formation is favoured by negative enthalpy. and
by positive entropy changes. It is very difficult to predict
the contribution of these terms because the solvation of the
constituents of the complex also must be considered.
An increase in temperature acts in two opposing ways on
the synergistic extraction. It can either increase the extract-
ion due to increased dehydration of the complex species, since
in many instances, synergism is essentically the replacement of
water by neutral donor ligand in the metal-chelate as describe
above. On the other hand, increasing temperature can decrease
the stability of the complex at higher temperature. Subraman-
ian 91 illustrated that the latter effect to be more predomin-
ant in the case U02(TTA)2.S (where S= T BP, TOPO, tribenzyl
sulphoxide DBSO, and diphenyl sulphoxide DPSO). They found
that the distribution ratio of the species U02(TTA)2.S fell
by 20% to 30% for a 10° C rise in temperature, whereas, it
remained practically constant for extraction by HTTA alone.
Schweitzer et al 92 have examined the extraction of cadmium
into chloroform by 8-hydroxyquinoline and the extraction of
silver into chloroform and carbon tetrachloride containing
dithizone are better at the lower temperatures.
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5. EFFECT OF SALT CONCENTRATION:
The thermodynamic stability constant of the synergistic
adduct,














Only in the constant ionic strength medium activity
coefficients of all the species can be regarded as constants.
In such case, the stoichiometric stability constant of the add-










Only a few experimental data are available to show the
variation of stability constant of synergistic adduct in
different ionic strength medium.
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Subramanian and Pal 91 have observed that the synergistic
extraction of U02(TTA)2•S is affected by the presence of
dissolved salts (e.g. LiClO4, NaC104, NH4C104). The distribut-
ion ratio of uranyl ion increases with increasing salt concent-
ration. This enhancement probably arises from the diminution of
water activity in the organic phase. For a fixed salt concentrat-
ion, log K value for the formation of the synergistic species





When the metal ion reacts with a chelating agent, the
uncharged chelate is extracted into organic phase and reacts
with the neutral donor ligand, if present, to produce the
synergistic chelate adducts. The equilibria of these reactions
are expressed as follow:
and the equilibrium constant is defined as:
where x=charges on the metal ion
HA = monoacidi chelating agent
subscript "org" designates species in the organic phase
"ag" designates species in t6he aqueous phase





partition coef. of HA between aq. and org. phase
partition coef. of MA2 between aq.and org.phase
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In the present of a neutral donor ligand, S, the equili-
brium in the purely organic phase,
(where the integer number n may be equal to 1,2,3,...)
combine Equation (III-1) and Equation (III-5) to give the
overall reaction:
Mx+(aq)+x HA(org)+n S(org) MAx.ns(org)+xH+
The overall stability constant Kx,n can be expressed by
obviously,
The distribution of the metal ion is defind as :
Total concentration of Mx+ in organic phase











In the absence of the synergist, i.e. [S]org= 0, the distri-
bution ratio of the metal becomes
Taking logarithm of both side, Equation (III-15) becomes:
Under certain conditions,the concentration of [MA+x-1]aq,
etc. and those of any other species containing metal
in aqueous phase are neglected in comparison with then
Keeping one of the variable
constant
at a time, the plot of logDo against the logarithm of the other
variable should exhibit a straight line with the slope equal
to the value of x the number of HA molecu8les attached to
the metal ion.
under the same conditions but in the presence of the
neutral donor synergist, the concentration of the synergistic
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adducts, MAx•nS, is assumed to be much greater than the concen-
tration of the metal-chelate, MA x, in the organic phase. There-
fore,
From Equation(III-21),it is observed that when PH and log[HA]org
are kept as constants, the power of dependence of log D against
is equal to n,the number of netral synergist mole-
cule attached to one metal-chelate.
In many instances, the case is not so simple and such
conditions
are difficult to achieve,therefore, the plots of log D
ws.PH;log D vs.log[HA]org may not
be straight lines as expected.
GRAPHICAL DETERMINATION OF THE STABILTY CONSTANTS:
The values of the formation constants
in the polynomial (Equation III-16) can be evaluated by using
graphical method (or "curve fitting method"94,95,cf.
Appendix III).
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(1) For n= 1, i.e. only one kind of synergistic adduct, MAx,S,
is formed in the organic phase, Equation (III-16) reduces to:
The plot of log [S]org against log (D/Do)will exhibit a
parabola with two asymptotes: (cf.Fig.15)
(slope of this asymptote should equal to one which is
the number of neutral synerglecule coordinated
to the metal-chelate)
The interception of these two straight lines (i.e. the intercept
of the asymptote with [S]org oo at X-axis) yields:










Fig. 15 Hypothetical curve used to illustrate the
graphical determination of the formation constant











-1.0 0.0 1.0 2.0
log [S]org
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(2) For n= 2, i.e. there are two extractable synergistic adducts,
MAx•S and MAx•2S, present in the organic phase, then, Equation
(111-16) reduces to:
plotting the experimental date log (D/Do) against log [S]org
will also show a curve with two limiting asymptotes:
(the slope of this asymptote should equal to two,
the number of neutral synergist molecule coordinated
to the metal-chelate).
The interception of these two asymptotes(i.e. the intercept
of the asymptote with [S]org oo at x-axis) gives:
















once Bx,1 and Bx,2 are evaluated form these relationships:
Kx,1 and Kx,2 can also be determined by
(where Kx,o can be obtained inuependently from the distribution















Fig. 16 Hypothetical curve used to illustrate the
graphical determination of the formation constants
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The radioactive tracers were obtained from the
Radiochemical Centre, Amersham, England.
The tracer for strontium(II) is Sr 85 which has a
half-life of 65 days and is a 0.514 Mev gamma-ray
emitter. Radioactive strontium was supplied as an aque-
ous solution of strontium chloride which contained
0.5 mCi per 41 mg of strontium. Two ml of this solution
containing 82 mg of strontium was diluted with de-ionized
water, the resulting solution was used as a stock
solution.
The tracer for barium(II) is Ba133 which has a
half-life of 7.2 years and gamma-rays of 0.356 and 0.302
Mev. Radioactive barium was supplied as a solution of
barium chloride in 1 M hydrochloric acid containing
0.507 mCi per 63 mg of barium. This solution was diluted
with 1.0 M hydrochloric acid and the resulting solution
was used as a stock solution.
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2. SOLVENTS:
Cyclohexane: Laboratory reagent grade of cyclohexane
was obtained from the British Drug Houses (BDH) Company
and May Baker Company, England. It was washed with
concentrated H2so 49 until the washings were colourless,
followed by water, aqueous Na2C03 or 5% NaOH, and again
water until neutral 96. Then, it was dried with calcium
chloride and fractionally distilled (temperature: 80.20C).
Only the middle fraction of the distillate was collected.
By means of a Perkin-Elmer Model UV 137 spectrophotometer,
it was checked that most of the benzene was removed.
After the above treatment, its purity is comparable
with the spectroscopic grade. In some cases, spectros-
copic grade cyclohexane, purchased from E. Merck Company,
West Germany, was used.
Carbon tetrachloride: Guaranteed grade carbon tetra-
chl ride was obtained from E. Merck Company, West Germany.
It was fractionally distilled (temperature: 76.6° C).
The initial and final fractions were ejected, only the
central fraction was collected.
Water: Deionized water (specific conductance 1.5-
3.5 x 10-7 mho) was obtained by passing tap water through




8-Hydroxyquinoline (oxine), tri-octyl phosphine
oxide (TOPO), tri-n-butyl phosphate (TBP), borax,
strontium chloride, barium chloride and ammonium
chloride were purchased from E. Merck Company, West
Germany. These reagents were guaranteed grade and
assumed to be sufficiently pure so that no further
purification was required. Sodium perchlorate was
obtained from BDH Co., and was dried over phosphorus
pentoxide in an evacuated desicator. The 1/10 N
sodium hydroxide, used for the preparation of the
buffer solutions, was prepared by dilution of con-
centrated standard volumetric solution (BDH Co.).
4. BUFFER SOLUTION:
A buffer-solution consisting of sodium borax-
NaOH- NaClO4 was employed to keep the pH of the solu-
tion constant. The addition of sodium perchlorate into
the buffer solution was used to adjust the ionic stren-
gth of the aqueous solution to 0.1(u= 0.1). Its
buffer capacity was not quite satisfactory, but, higher
concentration of the solution was difficult to prepare
due to the limited solubility of sodium borax in water.
1.000 x 10-2 M borax was used as standard buffer
solution to calibrate the pH meter (pH= 9.177 at 25°C and
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pH= 9.223 at 20°C).
B. Apparatus:
1. CONSTANT TEMPERATURE WATER-BATH:
A thermostat equipped with a refrigerator and
a heater, obtained from Wilkens-Anderson Company,
Chicago, U.S.A., was used to maintain the temperature
of the reaction vessels in the range of 24.83° to
24.95° C (average 24.9° C).
2. SHAKER
The shaking of the reaction vessels in the constant
temperature water-bath was effect by a modified mechan-
ical shaker, obtained from Burrell Corp., Pittsburgh,
U.S.A., operating at ca. 250 strokes per minute (Ref.
Fig. 17).
3. RADIOACTIVITY COUNTERS:
In the beginning of our experiments, the gamma-
rays of the radioactive isotopes were measured by a
single channel pulse height analyser, Model N610B,
EKCO Electronics Ltd., England, and a well-type thall-
ium-activated sodium iodide scintillation detector,
Model N664C, EKCO electronic Ltd., England. Later,
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BURRELL
Fig. 17. Experimental set un for solvent extraction study
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the radioactivity was measured by means of the single
channel analyser output from a multichannel (100 channels)
analyser, Gammascope II, Model 102, Technical Measurement
Corporation (TMS), U.S.A., with complementary parts:
a high voltage power supply, Model 3l+, TMC; Model DS-12
scintillation detector containing a well-tpye thallium-
activated sodium iodide crystal (l Y4 inches in diameter)
and a home-made scaler. Before every measurement, the
high voltage power supply and the scaler was warmed up
at least one hour in order to ensure that the whole
system reached equilibrium.-Furthermore, the counting
efficiency of the detector was calibrated every time
by using standard Cs137 source. For the case of using
single channel analyser output from a multichannel
analyser, the width of the 'window' was carefully
adjusted such that only the total activity under the
photopeak was measured.
The counting conditions for Sr 85 and Ba133 are
listed as follow:















A pH meter with a combination electrode of a glass
electrode and a saturated colomel electrode, Model H-5,
Beckman Instruments Company, was employed.
5. COUNTING TUBES:
Pyrex test tubes with screw cap (No. 9826, O.D.
16 mm x 105 mm, maximum capacity 10 ml) were used as
counting tubes. Each of them was carefully chosen such
that preliminary test with 2 ml standard Co6o solution
all gave counts within+ 2/.'Therefore, the geometrical
correction for the counting tubes in radioactivity
measurements needed not be made. When the counting tube
was re-used after thorough washing, it was checked
that the activity of each tube had been reduced to that
of the background.
C. Experimental Procedure:
For a series of organic solution with different
concentrations of each component, 0.100 M solutions of
8-hydroxyquinoline and tri-octyl phosphine oxide were made
up in the organic solvent separately and mixtures were
prepared from these two solutions. Other solutions in which
the concentration of the component exceeded 0.100 M were
prepared by direct weighing and diluted with the solvent.
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In order to eliminate volume change of each phase,
solution of an acidic chelate and a neutral synergist in
an organic diluent was pre-equilibrated with an equal
volume of the aqueous solution to be used, without adding
any radioisotope.
Stoppered polyethylene vessels (volume capacity=
30 ml) ere used to equilibrate the organic and the aqueous
phases. The organic solution containing an acidic chelate,
HA, and a neutral synergist, S; the aqueous solution of the
tracer and a buffer solution were placed in a reaction
vessel. The initial volume of both phases was in all cases
10.0 ml and the initial concentration of the tracer was
less than 10- 7 M. The two phases in the vessels were vigor-
ously agitated by a mechanical shaker in a thermostatted
water-bath (24.9° C) for one to 136 hours. Preliminary
experiments showed that agitation for 15 minutes by this
shaker was sufficient to attain the distribution equili-
brium, agitation for two hours did not alter the distri-
bution ratio and [H1aq appreciably. After agitation,
both phases were allowed to settle for 20 minutes, and then
centrifuged. A 2 ml aliquot was pipetted from each phase
and transferred into a small, stoppered glass test tubes
for the measurement of the gamma-radioactivity by using
a well-type scintillation detector. To avoid cross-
contamination of one phase by the other during pipetting,
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a gentle stream of air was blown through the pipette as
it passed through the upper into the lower phase. Radio-
activity of each phase was measured within the same day,
so that no decay correction was needed in comparison with
the half-life of the tracers. Another portion of the aqueous
solution was transferred into small glass beakers, and
the hydrogen ion concentration was determined potentiomet-
rically using 1.000 x 10 M borax as a standard. Activity
balance was checked and was generally better than± 2%,
therefore, the adsorption of radioactive tracer on the
surface of the polyethylene reaction-vessels and absorption
loss when gamma-ray passing through the heavier solvent
layer were negligible.
The distribution ratio of the metal is given by
D= net counting rate per ml of the organic phase (IV 1.)
net counting rate per ml of the aqueous phase
Since the counting efficiency of the detector is cancelled
out in this ratio, the measured counting rate is corres-
ponded to the specific activity of the radioactive tracer.
D. Counting Statistics:
In order to reduce the relative standard deviation
o N/ N, where o N= standard deviation, N= total number
of counts) to less than 1 per cent, the total number of
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counts of the sample-plus-background or the background
alone should be recorded in all cases greater than 10,000
counts, regardless of the counting rate. The relative
standard deviation in the net counting rate of the sample
will be = ± 1.4%. Consequently, the
relative standard deviation in the distribution ratio, D,





Initially, to ascertain whether a synergistic effect
was obtainable, the distribution of barium between an aqueous
solution and a mixture of 8-hydroxyquinoline (oxine) and tri-
octyl phosphine oxide (TOPO), which was expected to show the
lowest synergistic enhancement, was obtained. In this system,
an aqueous solution of borax-NaOH-NaClO4 buffer withµ= 0.1
and an organic mixture of oxine and TOPO of constant total
molarity 0.1 M in carbon tetrachloride were employed. The
results are shown in Fig. 18. It can be observed that the
partition of barium is increased in the presence of a neutral
synergist, TOPO, by a factor of 101.06 when compared with the
partition using oxine alone. The synergistic factor (s.f.) is
introduced by the formula
D(experimental value in the presence of synergists)
D(experimental value in the absence of synergism)
(V-1)
Where s.f. 0 corresponds to positive synergism and s.f. 0
to antisynergism or destruction of synergism as it has been
called. The value of s.f. for Bat+/8-hydroxyquinoline/TOPO/CC1
4
system is equal to 1.06. Therefore, the barium metal can be
extracted synergistically in this system.
s.f.=log
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Fig. 18 The distribution of barium(II) from aqueous
Borax-NaOH-NaClO4 buffer(µ= 0.1) and mixture
of HOx (8-hydroxyquinoline) and TOPO (tri-
octyl phosphine oxide) of constant total
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In order to examine the behaviour of individual metal
ions in different organic solvents, other prelimary experiments
were undertaken in tracer scale. The percentage of recovery of
each ion in cyclohexane and carbon tetrachloride are shown in
Figures 19 to 22. From these curves it may be found that the
precent extraction increases with the concentration of 8-hydro-
xyquinoline and higher for strontium than barium in a given
organic diluent. Organic solvents also have an appreciable
effect in the extraction process, cyclohexane seems to be more
effective than carbon tetrachloride for the extraction of
alkaline earth metals, though both of them are inert diluents
and have zero dipole moment.
Except for barium/ (oxine+ 0.02M TOPO)/ CC14 system,
0.6 M or more of oxine in combination with 0.02 M TOPO in var-
ious organic solvent is very useful in effecting a satisfactory
recovery of the metal. Of course, when the concentration of
TOPO is enhanced, lower concentration of oxine is needed to
give the same percentage of recovery. From the shape of the
curves in Figures 19 to 22, the extraction behaviour seems
to be the same in these four systems. Furthermore, even though
the metal ion is present in larger amount, similar extraction
behaviour is expected, but, the larger the quantity of metal
ion present, the lower is the percentage of extraction.
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Fig. 19 Percentage recovery of strontium(II) by a
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Fig. 20 Percentage recovery of strontium(II) by a
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Fig. 21 Percentage recovery of barium(II) by a



















Fig. 22 Percentage recovery of barium(II) by a













[TOPO]org : 0.0200 M





As it has been mentioned in the previous section, the
distribution of metal usually depends upon the following
factors: (1) the time required for the attainment of equili-
brium, (2) the temperature, (3) the nature of the metal ion,
(4) the natures and concentrations of the chelating agent and
the neutral synergist, (5) the organic solvent used. Under
certain experimental conditions, for example, the time for
equilibration is long enough to ensure the equilibrium is
attained; the temperature is maintained constant by using a
thermostat; the metal is usually present in tracer amount;
etc., then the above parameters in the system reduce to
three: the concentration of [H+] in the aqueous solution,
and that of the chelating agent and the neutral ligand in
the organic phase. Keeping two of them constant at a time,
various information on the possible species being extracted
into the organic phase can be obtained. In order to make the
present situation less complicated, the following assumptions
are required:
a) metal hydrolysis in the aqueous phase is negligible
this may be a poor assumption when the pH of the
aqueous solution is high, however, it may not affect
the evaluation of 3x n and Kx n since the concentrat-
ion terms of the species containing the metal ion in
aqueous solution are cancelled out in the ratio of D/Do,
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b) no polynuclear species occurs in either of the phases
--- this assumption is valid in our case since only
tracer amount of metal is used, so that [HA]
and
be formed,
c) no interaction between the oxine molecule and the
TOPO molecule--- this can be proved by many spectro-
scopic methods,
d) the concentration of the reagents after equilibrium
is equal to the initial total concentration because
the amount of the metal-used is negligibly small.
Furthermore, it must be stressed that the distribution
ratio of the metal under consideration should be in the range
of 10-3 to 10+3.Outside these two limits, the statistical
error in counting the gamma activity of the radioisotopes
will be very large. Therefore, the concentration of the
three variables described above were adjusted in each system
to ensure that this requirement was fulfilled.
C. The dependence of log D on the pH of the aqueous layer:
First, the dependence of the distribution ratio of
strontium, D, on the pH of the aqueous solution after extrac-
tion was examined radiometrically. The concentration of
8-hydroxyquinoline and TOPO were maintained constant at





Fig. 23 The hydrogen ion concentration dependency
on distribution ratio of strontium.
Aq, phase: NaOH-NaClO4 solution( 0.1)

















0.0367 M and 0.1000 M respectively. The pH value of the
aqueous solution (prepared from sodium hydroxide and sodium
perchlorate which was used to maintain the ionic strength at
A= 0.1) was varied from 8.0 to 10.5. The extraction of
strontium with the variation of the pH value of the aqueous
solution is shown in Fig. 23 (a). The experimental data
nearly all fall on the straight line with a slope of 0.64.
At higher pH value, positive deviation occurs.
Under the same experimental conditions except the
temperature was raised to 500 C, the dependency of log D
on pH value of the aqueous solution was also obtained, as
shown in Figure 23 (b). No deviation was observed in higher
pH region. The relation between log D and pH plot is also
linear in this case, with the slope equals to 0.68. Appar-
ently, the distribution of strontium is depressed by a
factor of 100 67 when the temperature is raised from 250 C
to 500 CO
The power dependency of log D on pH of the aqueous
solution can be regarded as the number of hydrogen ions
displaced from the acidic chelating agent by the metal ion.
A number of researchers who investigated the extraction of
oxine-chelate of other metals described that this relation
was usually represented by a straight line with a slope of
an integral value. This integer is the number of oxine
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molecules coordinated to the central metal ion, or rather
the number of hydrogen ions exchanged, generally, it is
also equal to the value of charge carried by the metal ion.
The exceptional low and non-integer slope occured in our
system will be discussed in the next section.
D. The dependency of log D on [HOx]org/ [H+] aq:
The extraction was attempted to take place at a con-
stant pH value of the aqueous solution by means of a buffer
solution. However, it was unsuccessful to make the pH of
the solution exactly the same value after each extraction,
since the pH of the aqueous solution was liable to be made
lower by mere contact with the organic phase, probably
because of the partial transfer of the 8-hydroxyquinoline
from the organic to the aqueous solution. The lowering
of the pH value is more marked when the concentration of
8-hydroxyquinoline is high. Moreover, the hydrogen ion
exchange between the metal and the acidic phenolic group
in 8-hydroxyquinoline can also lower the pH. Such a change
in the pH will be slight in an acidic solution, but it will
be more pronounced in a neutral or an alkali solution.
Prelimary experiments showed that even when a buffer solu-
tion with higher concentration was used in order to obtain
larger buffer capacity, the pH value of the aqueous solution
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still cannot be guaranteed to remain strictly constant.
Owing to this reason, the pH value of the aqueous solution
should be measured after each extraction and the dependency
of log D on log ([HOx]org/ [H+]aq) is examined rather than
log [HOx]org alone. The slope of the log D against
log ([HOx]org/ [H+]aq) plot will give the number of acidic
chelating molecules incorporated with the extractable
complex.
At a fixed concentration of TOPO, the values of
the distribution ratio, D, of barium and strontium for the
variation of the concentration'of oxine in different
organic solvents are shown in Figures 24 to 28. The best
lines drawn through the experimental points in each system
are of slope approach to two. These results lead to the
conclusion that two oxine molecules is coordinated with
the central alkaline-earth metal ion.
In comparison with two different aqueous phase
mediums, NaOH-NaClO4 and borax-NaOH-NaClO4 buffer solution,
it is noted that the partition of strontium to the organic
phase is much higher from the borax-NaOH-NaClO4 buffer
than NaOH-NaClO4 solution. The activity coefficient of the
reagents in these two mediums seems not differing very
much since the ionic strength of both solutions is maintained
constant at 0.1. The factor attributed to this phenomenon
+2-i
may be due to the formation of the complexes, Sr(OH) i
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Fig. 24 The dependency of log DSr on log([Oxine] or g























Fig. 25 The dependency of log Dsr on














[TOPO]org : 0.0200 M
Element : strontium(II)
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Fig. 26 The dependency of log DSr on

















Fig. 27 The dependency of log DBa on

















Fig. 28 The dependency of log DBa on

















(where i is unknown), which is believed to be more pronou-
nced in NaOH-NaClO4 solution than borax-NaOH-NaClO4 buffer.
Thus, the effective concentration of the free metal ion
is reduced. However, this is only our proposal, further
investigation concerning this effect will be necessary.
From the larger distribution of strontium and barium
as the solvent changes from carbon tetrachloride to cyclo-
hexane (compare Figures 25 and 26; Figures 27 and 28),
it is observed that the synergistic effect is more favour-
able in the organic solvent which is less hydrophilic and
has smaller dielectric constant.
On the other hand,under the same concentrations of
[ TOPO]org and [Oxine] org, and the same organic solvent,
the extraction of strontium has a larger extent than barium.
The effect of solvent and nature of metal upon
synergistic extraction will be further discussed later.
E. The dependency of log D on [S] :
org
Figures 29 to 32 show the increase of distribution
ratio on the addition of TOPO in cyclohexane and carbon
tetrachloride. The values of Do (the distribution ratio
of the metal ion by using oxine in the absence of TOPO)
for each metal in each solvent were also obtained. The
curves of the plots log D/Do against log [S] org have
two asymptotes (the abscissa and the dashed lines of slope
82



























Borax - NaOH - NaClO4 buffer
solution (u = 0.1)
solvent = CCl4
[Oxine]org = 0.0100 M = constant



















Borax - NaOH - Naclo4 buffer
solution (u=0.1)
solvent = cyclohexane
[Oxine]org= constant = 0.0100M
Element = Barium (II)
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Borax - NaOH - Naclo4 buffer
soution (u=0.1)
solvent =ccl4
[Oxine]org= constant = 0.0100










two). The data fit the curves well except in the highest
concentration region of TOPO.
As a summary of the results obtained, the compositions
of the synergistic adducts are derived as M(Ox)2•TOPO (at
low concentration of TOPO) and M(Ox)2.2TOP0 (at high conc-
entration of TOPO) according to the following equilibria:
M2++ 2 HOx (org)+ 2 TOPO (org)
M(Ox)2.2TOP0+ 2 H+ (V-2)
M2+ +2 HOx (org)+ TOPO (org)
M(Ox)2•TOPO (org)+ 2 H+ (V-3)
The overall reaction can be divided into two parts
a) The extraction of the divalent alkaline earth metal
from the aqueous phase by the chelating acid,HOx, can
be expressed as follow:
M2+ (aq) + 2 HOx (org) M(ox)2 (org) + 2 H+ (v-5)
b)when the neutral complex M(ox)2 is extracted into the




donor ligand, TOPO, the equilibrium is described as:
M(Ox)2 (org)+ n TOPO (org) M(Ox)2•nTOPO (org)+ 2H+ (V-7)
(v-8)
The equilibrium constants K2,0 and formation constants
K2,1, K2,2; B2,1,B2,2 are obtained by a graphical method
and listed in Table V-1
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Table V-1 Formation constants for the extraction of
barium and strontium by mixture of 8-hydro-
xyquinoline and tri-octyl phosphine oxide






































8-Hydroxyquinoline is a monoacidic bidentate chel-
ating agent which has the structure as shown in Structure
V-l.
The reactivity of oxine with a large number of
metal is due to the formation of a stable five-membered
chelate ring through the replacement of the hydrogen from
the acidic phenolic group and coordination to the nitrogen
atom. For a metal bis-oxinate, for example, the structure









The equilibrium occurs in the pure aqueous phase
can be expressed as:*
K2
M2+ (aq.)+ 2 HOx (aq.) K2 M(Ox) 2 (aq.)+ 2 H+
(v-9)
(an asterisk '*'in K2* is used to emphasize that it
refers to equilibrium in a purely aqueous phase).
Some metal-oxinates of the normal type M(Ox)2,
formed according to Equation V-9, have been shown to be
'non-extractable' or extracted at a extremely small
extent into many water-immiscible non-polar solvents or
even chloroform. It is believed that the metal-chelate
is an hydrate. This can be supported by the fact that
the distribution of metal-chelate is much depended on
the nature of the solvent. The distribution increases
as the solubility of water in the pure solvent and di-
electric constant increases, as shown in Table V-2.
However, Dyrssen97 had noted that although Sr 2+
was not extracted into chloroform as its oxinate, extraction
did take place when the concentration of 8-hydroxyquinoline
was very high. The species Sr(Ox)2.2HOx was identified in
the organic phase. Perhaps, the formally neutral oxine
molecule was acting as a synergist to displace some or all
of the water molecules associated with the hydrated species
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Table V-2 Equilibrium constants of several metal-
oxinates in various organic solvents.
Sr(Ox)2.2H20 which was itself too hydrophilic to be extr-
acted from the aqueous phase. The same argument can be
applied to our case. Once the hydrated alkaline earth
oxinate is extracted from the aqueous solution to the
organic phase, those TOPO molecules which are originally
present in the organic solution become more favourable
































sites on the metal. Finally, synergistic adducts,
Sr(Ox)2•nTOPO (where n= 1 at low concentration of TOPO,
n= 2 at high concentration of TOPO) are formed in the
organic phase.
It should be pointed out that if a neutral donor
molecule (the synergist) is able to displace water from
a formally solvent extractable neutral chelate, it will
decrease its hydrophilic character and enhance the extra-
ctability. The increased bulk is a further factor that
favours the transference from aqueous phase to an organic
solvent in which the work of "hole-formation" is smaller.
When the concentration of TOPO, or ([TOPO]/[Oxine])o
org
ratio, is sufficiently increased, more than two TOPO
















sr(Ox)2.2H20(org) + n TOPO (org)
sr(OX)2.nTOPO(org) + 2H2o (V-10)
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It is well known, in many complexes, that the maximum
coordination number of strontium and barium is usually
six. Therefore, one or both of the chelate ring may be
opened in order to accomodate two more neutral ligands.
The synergistic adduct in this case is postulated to have
the formula M(Ox)2•y TOPO (where 2 y 4)0
As a result, hydrophilic character and ease of
solvation in aqueous phase both are decreased, leading to
greater extractability. This effect can give a more reason-
able explaination for the positive deviation occured in
the higher TOPO concentration region as shown in Figure 32.
In many instances, the extraction of a metal by
using an acid chelating agent alone is usually higher than
using a neutral organophosphorus ester alone. However, it
is not the case in Figure 18. The larger distribution


















attributed to the different composition of extractable
species. The extracted species in the organic solution
containing oxine only may be M(Ox)2(H20)z (where z=
number of water molecules attached to the metal ion),
while in the organic solution containing TOPO only, the
concentration of TOPO perhaps is sufficiently large to
produce the extractable species M(X)2(TOPO)4(H20)z-4
(where X hydroxyl ion, perchlorate ion, borate or
other inorganic anions that are present in-the aqueous
phase). Obviously, the complex M(X) 2 (TOPO)4(H20)z-4
contains more organic ligand than M(Ox)2(H20)z. Conse-
quently, the former complex has less hydrophilic character
and greater solubility in non-polar solvents.
As it has been mentioned that the relation between
log D and pH should be linear with a slope of an integral
value. However, in our case, the plot of log D vs. pH
exhibits a straight line with slope less than inity and
has positive deviation at higher pH region. These pheno-
mena can be explained as follows:
(a) When the concentration of hydrogen ion in the aqueous
solution is relatively large, i.e., at lower pH region,
the distribution of 8-hydroxyquinoline between an
aqueous phase and organic phase is rather low as
shown in Fig. 33.
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Fig. 33 Extraction of 8-hydroxyquinoline into
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Consequently, the concentration of oxine in the aqueous
phase is low. Thus, the reaction of the metal with oxine as
Equation V-ll, is more difficult to achieve.
M2+(aq.)+ 2 HOx(aq.) M0x 2 (aq.)+ 2 H+(aq•) (V-11)




Especially in our case of strontium the equilibrium
constant, K2*, for the reaction is equal to 103.19 x KHA 2
KHA
(Ref.98,where KHA for oxine=10-9.66 Ref. 9 3) or
98 where NIA for oxine 10-
10-16.13. Therefore, the anionic species (e.g. OH-, C104-
etc.) which are originally present in the aqueous solution
will participate in the complex formation process. Similar
behaviour of alkaline earth metals has been observed by
Akaza 20 who investigated the liquid-liquid extraction of
alkaline-earth metal with thenoyltrifluoroacetone in the
present of excess acetate anion.
Under such experimental conditions, a competition
between oxine and the anionic species, for example ClO4-
may occur when the metal ion is coordinated in the
following manner:




The neutral species M(ClO4)(Ox)- may be hydrated
with water molecule-is extracted to the organic
solution and further reacts with the neutral adduct-
forming agent TOPO to form the synergistic adduct
M(C104)(Ox)•nTOPO( n= 1,2,3,...). If the distribution
ratio of the metal is defined as:







When[ HOx]aq and[ TOPO]org are kept constant such
that the last two terms in Equation V-18 are also
constants, the dependency of the distribution ratio
of the metal on the pH of the aqueous solution may
be first-power. However, if the metal coordinates
with the anionic species is more favourable than that
with the oxine molecules, then the average number
of oxine molecule attached to the metal ion will
be less than unity.
(b). When the pH of the aqueous solution is increased,
e.g. 10, the solubility of oxine in aqueous solution
is relatively larger. Hence, the number of oxine atta-
ched to the alkaline earth metal is correspondingly
increased. This is the reason why some experimental
data have positive deviation from the straight line
at higher pH region.
According to these reasons, the higher pH value
( 10) of the aqueous phase was preferred in the extra-
ction of alkaline earth metal.
As it is shown in Figure 23, the extraction of stron-
tium falls by a factor of 100'67 for a 250 C rise in temper-
ature of the system. In Section II-D-4, it has been mentio-
ned that an increase in temperature can act in two opposing
ways on the synergistic extraction. It can either increase
the dehydration of the species or decrease the stability
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of the complex at higher temperatures. In the system
studied here, the latter effect seems to be more predomin-
ent. Moreover, at higher temperature the bonding between
the metal and the chelating agent or neutral synergist will
be weakened, so that the formation of the metal-chelate and
the synergistic adducts will become more difficult.
It should be pointed out that the positive deviation
from the straight line in the log D against pH plot does
not appear in the higher temperature case.-It is concluded
that a rise in temperature decreases not only the stability of
the synergistic adduct but also the ease of formation of
the oxine-metal chelate.
The values of p2 1 and 0212 in Table V-1 show that
Sr(Ox)2 is a slightly better acceptor for the donor TOPO than
Ba(Ox)2. This difference may reflect a greater tendency
for Ba(Ox)2 to be hydrated, leading to a lower value of
the partition constant [M(Ox) 2 (H20)x] org/ [M(OX) 2 (H20)y]a q
(where x and y are unknown). Such a hydration lowers the
acceptor tendency of Ba(Ox)2 for TOPO, and explains why the
smaller strontium ion in M(Ox)2 give larger values of
P2,2'
From Table V-l, comparing the formation constant
P2,2 of each element between cyclohexane and carbon tetra-
chloride, it is observed that the extent of synergistic
enhancement depends also on the diluent employed. Such
changes in distribution coefficients with changes of soiv-
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ent can be expressed in the following ways:
(a) If the co-extraction of the species MAx and MAx•nS
is considered, the distribution ratio can be written as:
For simplicity sake, the concentration of [MAx]aq,[MA.nS]ad
and those of any other species containing metal in aqueous
phase are neglected in comparison with [Mx+]aq. By intro-
ducing the partition coefficient Px,n =[MAx.ns]org x
and the formation constant
Equation v-19 becomes
Now changes in the organic diluent will influence both
px,0 and Px,n,but certainly not to the same extent.
Furthermore, even if the synergist is initially present
at the same total concentration, CS, the amount present
free in the aqueous phase - the parameter required in
Equation V-20 is given by
and will depend on its partition coefficient, PS, and this
too will change with the nature of the diluent.
(b) If the synergistic extraction undergoes a replacement





the observed stability constant will be:
Taking the activity of H20 into accout, the thermo-
dynamic stability constant,which is a real constant dis-
regarding the kind of diluent employed provided that appro-
priate standard states are chosen for all the species,is
given as
(where a represents activity of the species)
combination of Equation V-22 and V-23 and take the logarithm,
(where Y=activity coefficient of the species)
From this equation,it can be easily seen thst as
the water solubility in the pure diluent is increased, the
aH2o in that diluent is also increased, therefore, causing
the values of log B2,2 to decrease. In addition, the changes
of solvent will also change the activity corfficient of





Error in determination of the values of the format-
ion constants B2,1, B2,2; K2,1, K2,2 is mainly caused by
the uncertainty of Do value. Since the distribution ratios
of the alkaline-earth metals by using oxine alone are too
small and exceed the limit( D<10-3) mentioned earlier,
counting-statistical error and experimental errors are
magnified. Thus, the inaccurate value of Do will affect
values of log D/D0 and K2,0 as well as K2,1, K2,2'B2,1
and B2,2. In addition, no reliable value of K2,0 for
barium and strontium in cyclohexane and carbon tetrachloride
is available, careful re-determination of Do values by
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Table A Equilibrium constants of thenoyltrifluoro-
acetone adducts of some metals.














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TOPO= Tri-octyl phosphine oxide
BAA= N-n-Butyl acetanilide
TPPO= Triphenylphosphine oxide= TPhPO
TBPO= Tributyl phosphene oxide
TPP= Triphenyl phosphate= TPhP





MIBK= Methyl isobutyl ketone
* Data from Ref. 15(e)
* *
Data from Ref. 15(f)
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APPENDIX II Composition and melting point of metal-
thenoyltrifluoroacetone adducts with neutral
organophosphorus compounds.









































TPPO= triphenyl phos.phine oxide
T2EHPO= tri-(2-ethylhexyl) phosphine oxide
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APPENDIX III
CURVE FITTING METHOD 94, 95
Suppose that a number of experimental data (log [S]
org'
log D/Do) have measured over a certain range of the variable,
log [S]org, where log D/Do is related to log [S] by
org
Equation 111-29:
log D/Do= log( 1+ Bl [S]org+B2 [s]2org) III-29g 2 org
Problems of this kind may be solved by using normalized




Equation III-20 reduces to
log D/Do= log( 1+ pv+ v2) (B)




Y= log( 1+ pv+ v2)
Figure 34 gives a family of curves calculated from Equation
(B). The curves have two common asymptotes, Y= 0 and
Y= 2X= 1ogB2+ 2 log [S] org. If a given set of experi-
mental data( log [S]org, log D/Do) is moved so as to give
120
the best fit as shown in Figure 35, the shape of the curve
gives the value of p and the intercept of the asymptotes
gives the value of B2 by
logB2+2(log IS]B2+2(log[s]org)intercept= 0
or logB2 =- 2( log [S] org )intercept (D)intercept
To refine the value of p, one may interpolate in some ways
between the calculated curves, possibly inserting new curves
with intermediate values of p. If the accuracy admits it,
one may use the vertical distance, yo, from the experimental
curve to the intercept. At the-point X= 0, Equation (C)
gives
X= 0; v= 1; yo= log( 1+ p+ 1)
log( 2+ p) (E)
Once the value of p is determined, the required constants
are calculated using
log B2=- 2( log[S]org) intercept
(F)
log B1= log p+ 1/2 log B2
121
Fig. 34 Standard curves used for the graphical
determination of the formation constants of
the adducts, X= log v, y= log (1+ pv+ v2).
Each of the curves corresponds to the value of

















Fig. 35 (a) Calculated curve X=log v, Y= log(l+pv+v2)
(b) Imaginary experimental curve































Table C-1 The distribution of barium(II) between aqueous
borax-NaOH-NaC1O4 buffer solution (u = 0.1)
and mixture of HOx (8-hydroxyquinoline) and
TOPO (tri-octyl phosphine oxide) of constant
total molarity 0.10 M in CC14 (temperature
24.9° C).



































Table C-2 Percentage recovery of strontium(II) by a
















































Table C-3 Percentage recovery of strontium(II) by a
mixture of 8-hydroxyquinoline and 0.0200 M












































Table C-4 Percentage recovery of barium(II) by a










































Table C-5 Percentage recovery of barium(II) by a
mixture of 8-hydroxyquinoline and 0.0200 M












































Table C-6 The hydrogen ion concentration dependency
of distribution of strontium(II) in
cyclohexane.
Aqueous phase: NaOH-NaC1O4 solution( u= 0.1)
Organic phase: [Oxinel] org= constant= 0.0367 M
[TOPO] org= constant= 0.1000 M





















































Aq. phase NaOH-NaClO4 solution( u= 0.1)
[TOPO]org: 0.0367 M= constant
[Oxine]










































Table C-8 The dependency of the distribution ratio of





































































Table C-9 The dependency of the distribution ratio of





































































Table C-l0 The dependency of the distribution ratio of















































Table C-11 The dependency of the distribution ratio of



























































Table C-12 The dependency of the distribution ratio of











































































































[TOPO] org log[TOPO]or org













































































































































Table C-15 The dependency of the distribution ratio

















log[TOPO]org D log D log D/Do
5.62 x 10-3
1.00 x 10-2
1.78 x 10-2
2.40 x l0-2
3.16 x 10-2
5.62 x 10-2
7.59 x 10-2
1.00 x 10-1
1.32 x 10-1
1.78 x 10-1
2.40 x 10-1
3.16 x 10-1
-2.25
-2.00
-1.75
-1.62
-1.50
-1.25
-1.12
-1.00
-0.88
-0.75
-0.62
-0.50
3.79 x 10-3
6.47 x 10-3
1.41 x 10-2
1.96 x 10-2
3.89 x 10-2
1.19 x 10-2
2.07 x 10-1
4.59 x 10-1
8.36 x l0-1
2.26
3.97
18.09
-2.42
-2.19
-1.85
-1.71
-1.41
-0.93
-0.69
-0.34
-0.08
0.35
0.60
1.26
0.42
0.55
0.89
1.03
1.33
1.81
2.05
2.40
2.66
3.09
3.34
4.00


